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Motivation

Slow (m/yr)

Image courtesy of J. Roering

Fast (m/s)

Image from 
nbcnews

Videos

Fast-moving landslide, Japan (m/s)

Slow-moving landslide, Wyoming (km/yr)

Failed 
catastrophically

Active for 
decades to 
centuries

https://www.youtube.com/watch?v=xsXQBnZ_xjI
http://www.youtube.com/watch?v=u99FnHi5-xA


Motivation

Fast-moving landslides
•Velocity-weakening properties

Slow-moving landslides
•Velocity-strengthening properties

What controls landslide failure mode?

Mud Creek, CA



•Hazard
• Landslides claim thousands of lives and cost billions of dollars in 

damages annually

• Numbers predicted to increase with population growth 

Motivation



Motivation

Mackey and Roering (2011)

•Landscape evolution

• Sediment production

•< 10 % of landscape accounts for > 50 % of regional 
sediment flux to channels (Mackey and Roering, 2011)

• Hillslope form

Eel River, CA
Gabilan Mesa, CA



Motivation

1) How do slow-moving landslides respond to seasonal 

rainfall?

• Velocity changes in response to seasonal rainfall (i.e. 

pore-water pressure). 

2) Can a slow-moving landslide fail catastrophically?

• Yes! 

• Possible mechanisms include: large pore pressure 

increase, shear-induced dilatancy/compaction,  or 
change in landslide properties

Research Questions



Tools that I use

Remote sensing 
(lidar and satellite 
InSAR)

Mathematical models



Interferometric Synthetic Aperture Radar

Advantages:
• Satellite orbits with regular 
time interval (6 or 12 days for 
Sentinel-1)
• mm-scale line-of-sight 
sensitivity
• measures a continuous 
deformation field

Limitations:
• Deformation rate limit
•Atmospheric signals
•Vegetation
•Observational bias

Satellite-based InSAR

Image courtesy of COMET: Centre for the Observation and Modeling of Earthquakes and Tectonics

Pass 1: 
Before 
earthquake

Pass 2: After 
earthquake

Phase 
change





Head

Transport

Toe

• Distinct kinematic 
zones 

• Sliding along basal 
and lateral faults

Lateral Fault

displacement (m)

Di Maio et al. 2013

basal fault

Slow-moving landslides



InSAR map of Boulder Creek landslide, CA (2007-2011) 

Tree vectors 1944-2006 
(Mackey and Roering, 2011)

mm/yr

Slow-moving landslides



10 slow-moving 
landslides

•Area = 

0.16 – 3.12 km2

•Velocity =       

0.2 –1.2 m/yr

Handwerger et al., 2013

Eel River landslides
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Seasonal Dynamics: 2007-2011 Handwerger et 
al., 2013

• Seasonal velocity changes driven by precipitation
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Dry Soil Saturated Soil

𝜏S = shear strength, σ = normal stress, p = pore 
pressure, μ = friction coefficient

Contact force vectors

p

𝜏Dσ

𝜏S

Landslide hydrology

Dry Season Soil Wet Season Soil



Landslide hydrology

Iverson and Major (1987)

Diffusion equation

P = Pore pressure
D0 = characteristic diffusivity
Z = depth
t = time

• Data from 50 boreholes





San Andreas fault 
San Andreas fault 

Big Sur Coastline

UNITED STATES

CANADA

Tectonics

• Santa Lucia Mountains

• Compressional 
deformation related to 
San Andreas

• Uplift rates ~ 1 mm/yr

Understanding Plate Dynamics 
(USGS)

(Ducea et al., 2003)

Big Sur Coast

• Precip. = 1 m/year

• 80% between Oct & May

• High erosion rates ~ 0.9 
mm/yr

(Ducea et al., 2003)

Lithology

• Franciscan mélange

• Accretionary prism 
complex

• Argillaceous matrix
(Kelsey 1978; Mackey and Roering, 
2011)

Franciscan
complex

pre-Cenozoic 
granitic and 
metamorphic 
rocks

Ultra-mafic 

faults



Mud Creek landslide
• Landslide occurred on May 20, 2017
• Estimated ~4 million m3 of material
• Highway closed until late Summer 2018
• Estimated cost $40 million

• CA Highway 1 was built in the 1920’s
• The road has been buried by landslides 

more than 60 times!!
http://www.mercurynews.com/2017/09/08/big-surs-southern-access-to-stay-closed-for-one-year/

June 2017



Mud Creek landslide

December 2016December 2016June 2017





Mud Creek landslide

• Landslide was active for a minimum of 5 years

NASA UAVSAR (Uninhabited Aerial Vehicle Synthetic Aperture Radar)



Mud Creek landslide

• Moved downslope 80 cm between 
2015-2017

• Most displacement occurred near 
headscarp

• Deformation area larger than failed 
area

200 m

Sentinel 1A/B InSAR time seriesGoogle Earth image (2015)



Mud Creek landslide
Sentinel 1A/B T42 Descending



Mud Creek landslide

• Seasonal motion driven 
by precipitation

• Displacement and 
velocity scale with 
precipitation

• Extreme rainfall caused 
large increase in 
velocity and potentially 
led to collapse

Sentinel 1A/B T42 Descending

avg. precip. 

Drought Avg. Above Avg.



Mud Creek landslide

• Extreme rainfall driven in part by multiple atmospheric rivers

Atmospheric rivers

https://phys.org/news/2017-02-atmospheric-rivers-thought.html



Mud Creek landslide

http://cw3e.ucsd.edu/how-many-atmospheric-rivers-have-hit-the-u-s-west-coast-during-the-remarkably-wet-water-year-2017/



Mud Creek landslide

• Displacement and velocity increase with precipitation
• WY2016 displays typical slow-moving landslide pattern
• Divergence from  ’typical’ seasonal velocity pattern during WY2017 –

may suggest a transition occurred

Sentinel 1A/B T42 Descending
~ 50 days

~ 36 days
~ 50 days

~ 36 days



Mud Creek landslide

• Landslides occur in the same lithologic unit and in similar 
climate

• Landslides display similar velocity pattern during WY2016
• Paul’s slide displays a more ’typical’ velocity pattern during 

WY2017
• Boulder Creek and Mud Creek display similar velocity pattern 

except Mud Creek fails to decelerate!!

Sentinel 1A/B

Paul’s slide 
(20 km North of MC)

200 m

Boulder Creek landslide
(500 km North of MC)

2 km

Mud Creek landslide

200 m



•Mud Creek landslide moved seasonally for a minimum of 
5 years prior to its collapse

•Seasonal velocity changes driven by precipitation-induced 
changes in pore-water pressure

•The extreme rainfall of WY2017 likely caused its ultimate 
failure

Summary





Potential Mechanisms

What controls landslide failure mode?

Fast-moving landslides
•Velocity-weakening properties

Slow-moving landslides
•Velocity-strengthening properties
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Figure 2. Data recorded in ring-shear experiment with coarse-grained sediment. A: Porosity
change and horizontal displacement. B: Pore-water pressure and measured versus calcu-
lated mobilized shear strength. Mobilized shear strength was calculated from average pore-
water pressure (mean of three piezometers) using Coulomb-Terzaghi friction rule. Three
piezometers, spaced along specimen center line, recorded pore-water pressure and were
recovered within shear zone after experiment. Shear zone at end of experiment was 17 mm
thick at specimen centerline.

Figure 3. Shear velocity as function of dilat-
ancy, both averaged over durations of indi-
vidual creep episodes for two sediments.
Numbers in parentheses are hydraulic dif-
fusivities for two sediments under normal
stress of 25 kPa. Data were included only
from creep episodes that ended by abrupt
acceleration of shear as subsequent creep
episode began.

dilation reduced pore-water pressure sharply,

thereby increasing the sediment shear strength

and reducing rates of shear displacement and

porosity increase. Soon after shear began—af-

ter a 2.5 kPa reduction in pore pressure and a

1.6 kPa increase in strength—the rate of di-

lation became sufficiently small to enable

pore-water pressure to diffuse back toward its

larger hydrostatic value with a commensurate

gradual reduction in shear strength. Eventually

(8343 min in Fig. 2B) pore-water pressure

rose to a value sufficiently high to initiate a

second period of rapid shear that was again

stabilized by pore dilation and concurrent

pore-pressure decline, followed by slow pore-

pressure recovery. Ten such shear episodes oc-

curred in this experiment with no external

changes in applied shear or normal stress. The

record from a floor-mounted geophone near

the ring-shear device indicated that, although

small externally induced tremors of the labo-

ratory floor occurred, these tremors were in-

frequent and not correlated with shear

episodes.

Fluctuations in pore-water pressure were

clearly responsible for changes in mobilized

shear strength. To illustrate this relationship,

we used the Coulomb-Terzaghi friction rule to

estimate the mobilized shear strength from the

measured pore-water pressure and applied to-

tal normal stress. We assumed that cohesion

was negligible, based on past experiments

with this sediment (Iverson et al., 1998), and

that the sediment angle of internal friction de-

creased linearly with porosity (Lambe and

Whitman, 1969) as pores dilated progressively

during shear. The measured and calculated

values of mobilized shear strength are in rea-

sonable agreement (Fig. 2B) and indicate that

dilatant strengthening was responsible for the

episodic shear, rather than some factor asso-

ciated with our apparatus or its operation. This

conclusion is also supported by identical ex-

periments with our device conducted on dry

specimens of this sediment in which no epi-

sodic shear occurred; reductions in total nor-

mal stress caused no sustained shear defor-

mation until the final normal-stress reduction

caused catastrophic failure of the specimen.

Approximately 100 min after shear began

in the experiment summarized in Figure 2 (at

8421 min), shear accelerated rapidly, and the

sediment failed catastrophically. When this

failure occurred, the sediment angle of internal

friction was 24.5 , as indicated by the Coulomb-

Terzaghi friction rule using values of total nor-

mal stress and pore-water pressure measured

immediately prior to failure. This value is

very close to the friction angle of the sediment

in its critical state, 26 ⇥ 0.9 (Iverson et al.,

1998), indicating that the sediment was near

its critical-state strength and porosity at fail-

ure. At the end of the experiment, therefore,

the sediment could not dilate significantly

with shear deformation and hence could not

strengthen sufficiently to maintain stable

creep.

Episodic shear deformation occurred in all

experiments with both types of sediment, al-

though shear sometimes stopped before cata-

strophic failure occurred. This halting of shear

was likely due to the walls of the specimen

chamber, which exerted a downward force on

the sides of the specimen during dilation and

thereby slightly increased the total normal

stress on the shear zone near the walls—a

common boundary effect in ring-shear exper-

iments (Bishop et al., 1971). If shear displace-

ment stopped, total normal stress was reduced

manually one or more times until episodic

shear was reinitiated. All experiments ended

with catastrophic failure of the sediment.

Time-averaged shear velocities depended in-

versely on the magnitude of pore dilation with

shear and directly on the rate of pore-pressure

diffusion toward these pores. Pore dilation with

shear is described by the dimensionless ratio of

shear-zone dilation (thickening) to shear dis-

placement, herein called the dilatancy. This

variable is largest for compact granular ma-

terials; it generally decreases as porosity in-

creases and is zero in the critical state (Lambe

and Whitman, 1969). The rate of pore-

pressure diffusion depends on the sediment

hydraulic diffusivity, which generally is larger

for coarser grained sediment (Freeze and

Cherry, 1979). Figure 3 illustrates the inverse

relation between shear velocity and dilatancy,

after averaging these variables over each creep

episode from tests on both sediments. Figure

3 also illustrates how the lower hydraulic dif-

fusivity of the finer grained sediment resulted

in average shear velocities that were an order

of magnitude smaller than those of the coarser,

more diffusive sediment.

DISCUSSION AND CONCLUSIONS

These results highlight behavior intermedi-

ate between the drained and undrained con-

ditions emphasized in soil and rock testing.

The observed episodic motion with attendant

pore-pressure change is similar to that ob-

served in large-scale landslide experiments

with compacted sediment (Iverson et al.,

2000), although in those experiments concur-

rent changes in porosity and mobilized shear
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Previous models

Moore and Iverson (2002)

1. Porosity increases with displacement

• Reduces pore pressure and acts to slow down the landslide

2. Critical-state (i.e. maximum) porosity is reached

3. Porosity decreases with displacement

• Increases pore pressure and causes runaway acceleration

Shear dilatancy model (Moore and Iverson, 2002; Iverson 2005)

S
h

e
ar

 S
tr

en
g

th
 

(k
P

a)
D

is
p

la
ce

m
en

t 
(m

m
)

Δ
p

o
ro

si
ty

Δ
p

o
re

 p
re

ss
u

re
 

(k
P

a)

Pore-water pressure

Time (min) 

Displacement

Porosity

Shear strength

0 20 40 80 100 120

Catastrophic failure



Previous models

Rate- and state-friction model (Handwerger et al. 2017)

• Widely used in fault mechanics, but infrequently used in landslide mechanics 

• Evolution of friction away from steady state value in response to changes in 
velocity 

Material parameters
- empirical parameter, a
- empirical parameter, b
- characteristic slip distance, Dc

- reference velocity, v0

- friction at v0, μ0



Potential for catastrophic failure?

• Hypothesis: slow-moving landslides rarely fail 
catastrophically because landslide size is smaller than 
required for catastrophic failure

Previous models

Critical nucleation size 
(Dieterich, 1979) 

𝝈’ = effective stress

L = size of slip  

surface

Catastrophic failure
L > h*

Slow sliding
L < h*

G = shear modulus

dc = characteristic slip 

distance

a, b = friction 

parameter



Previous models

Slow-moving landslide, L < h*

Velocity-weakening

h*



Previous models

Catastrophic failure, L > h*

Velocity-weakening

h*



Potential for catastrophic failure?

Previous models

Catastrophic failure
L > h*

Slow sliding
L < h*

• The ratio of L/h* determines if the landslide will move downslope slowly or 
runaway

Handwerger et al. 2017



Previous models

Transition from slow to catastrophic failure

How to transition from L < h* to L > h*?

• Landslides slip surface grows with time

• Slip surface localization will cause reduction in dc

• Decrease in effective stress caused by an increase in pore pressure 
makes slip surface more stable!!!!

Critical nucleation size 
(Dieterich, 1979) G = shear modulus

dc = characteristic slip 

distance

a, b = friction 

parameter

𝝈’ = effective stress

L = size of slip  

surface



Potential Mechanisms

Transition from slow to catastrophic failure

• Large pore pressure increase can trigger dynamic slip 
instability by overcoming effects of rate- and state- friction

• Dynamic instability can occur even along a rate-
strengthening slip surface

Scuderi et al. 2017



Potential Mechanisms

Transition from slow to catastrophic failure

• Large pore pressure increase can trigger dynamic slip 
instability by overcoming effects of rate- and state- friction

• Dynamic instability can occur even along a rate-
strengthening slip surface

Scuderi et al. 2017



Potential Mechanisms

Transition from slow to catastrophic failure

As for Mud Creek…

•Record rainfall during WY2017.

• Most likely explanation is that a large pore pressure 
increase overcame rate-strengthening or stabilizing 
properties



Potential Mechanisms

Transition from slow to catastrophic failure

• Largest pore pressures in over a decade reached during 
WY2017

Mud Creek 1D diffusion model

Drought

Diffusion equation
P = Pore pressure
D0 = characteristic 
diffusivity

Z = depth
t = time

max

min



Potential Mechanisms

Transition from slow to catastrophic failure



Concluding Remarks



Questions?



Creep-to-failure landslides

• Many landslides display accelerated motion weeks to years prior to 
their collapse
• Potential to predict time to failure
• Inverse velocity method,     1/v → 0
• 1963 Vajont landslide, Italy

• killed 2500 people
• 70 days of accelerating motion
• possible to predict 2 months in advance

Muller 1965; Carlà et al. 2016



Creep-to-failure landslides

Rose and Hungr, 2007



•Velocity-strengthening 

•Viscous resistance ∝ velocity

•Can describe slow-motion but not catastrophic failure

Previous models

Visco-plastic model (Angeli et al. 1996)

v


